Plasmid topology varies transiently in hyperthermophilic archaea during thermal stress. As in mesophilic bacteria, DNA linking number (Lk) increases during heat shock and decreases during cold shock. Despite this correspondence, plasmid DNA topology and proteins presumably involved in DNA topological control in each case are different. Plasmid DNA in hyperthermophilic archaea is found in a topological form from relaxed to positively supercoiled in contrast to the negatively supercoiled state typical of bacteria, eukaryotes and mesophilic archaea. We have analysed the regulation of DNA topological changes during thermal stress in Sulfolobus islandicus (kingdom Crenarchaeota), which harbours two plasmids, pRN1 and pRN2. In parallel with plasmid topological variations, we analysed levels of reverse gyrase, topoisomerase VI (Topo VI) and the small DNA-binding protein Sis7, as well as topoisomerase activities in crude extracts during heat shock from 808C to 85±878C, and cold shock from 808C to 658C. Quantitative changes in reverse gyrase, Topo VI and Sis7 were not signi®cant. In support of this, inhibition of protein synthesis in S. islandicus during shocks did not alter plasmid topological dynamics, suggesting that an increase in topoisomerase levels is not needed for control of DNA topology during thermal stress. A reverse gyrase activity was detected in crude extracts, which was strongly dependent on the assay temperature. It was inhibited at 658C, but was greatly enhanced at 858C. However, the intrinsic reverse gyrase activity did not vary with heat or cold shock. These results suggest that the control of DNA topology during stress in Sulfolobus relies primarily on the physical effect of temperature on topoisomerase activities and on the geometry of DNA itself. Additionally, we have detected an enhanced thermoresistance of reverse gyrase activities in cultures subject to prolonged heat shock (but not cold shock). This acquired thermotolerance at the enzymatic level is abolished when cultures are treated with puromycin, suggesting a requirement for protein synthesis.
Introduction
Changes in DNA supercoiling are thought to constitute an essential cellular mechanism in the adaptation of transcription during environmental stress (Higgins et al., 1990; Dorman, 1996; Tse-Dinh et al., 1997) . In bacteria, in which DNA is negatively supercoiled (Wang, 1987) , the topology of reporter plasmids changes transiently during thermal stress. In Escherichia coli, heat shock induces a transitory DNA relaxation, i.e. an increase in linking number (Lk) (Mizushima et al., 1993) , whereas cold shock induces a temporary increase in DNA negative supercoiling, i.e. a decrease in Lk . Topoisomerase I (protein v), DNA gyrase, the small DNA-binding protein HU and the heat shock protein DnaK have been identi®ed as regulators of these topological changes Ogata et al., 1994; .
In the domain Archaea (Woese et al., 1990) , very little is known about the way these microorganisms respond to stress. In the case of hyperthermophilic archaea, living optimally above 808C, most research efforts have aimed initially at the identi®cation of proteins induced upon heat shock (for reviews, see Conway de Macario and Macario, 1994; Trent, 1996) . Such studies have been accompanied by the discovery that prolonged exposure to (sublethal) heat shock temperatures enhanced survival at the otherwise lethal higher temperatures, a phenomenon known as acquired thermotolerance (Trent et al., 1990; Trent, 1996) . In addition to the identi®cation of a number of heat shock proteins, recent work has shown that native reporter plasmids from hyperthermophilic archaea undergo transient topological changes during heat and cold shock (Lo Â pez-Garcõ Âa and . Thus, in Sulfolobus (kingdom Crenarchaeota), plasmid Lk transiently increases during heat shock from 808C to 858C, and decreases during cold shock from 808C to 658C. Therefore, topological dynamics is generally analogous in mesophilic bacteria and hyperthermophilic archaea. The major difference resides in the basic topological state of DNA. At optimal growth temperatures, plasmids from hyperthermophilic archaea exhibit a linking excess by comparison with bacteria, Sulfolobus spp. plasmids being relaxed to positively supercoiled (speci®c linking differences from 0.006 to 0.017 compared with À0.06) (Lo Â pez-Garcõ Âa and .
The aim of the present study was to identify the regulators of Sulfolobus DNA topological changes during heat and cold shocks. The complement of topoisomerases and small DNA-binding proteins in hyperthermophilic archaea is different from that of bacteria (for reviews, see Grayling et al., 1994; Forterre et al., 1996) . Sulfolobus species possess topoisomerase VI (Topo VI) and reverse gyrase. Topo VI is a type II topoisomerase characteristic of archaea that can relax both positive and negative supercoils and has a powerful decatenating activity (Bergerat et al., 1994; . Reverse gyrase was ®rst discovered in Sulfolobus acidocaldarius and, so far, it has been found exclusively in hyperthermophiles (Kikuchi and Asai, 1984; Duguet, 1995) . Owing to its DNA positive supercoiling activity, some kind of stabilizing role at high temperature seems plausible. Its presence in hyperthermophilic archaea to the exclusion of a gyrase correlates with the plasmid linking excess observed in these organisms . Reverse gyrase probably originated from the fusion of two protein modules, a C-terminal protein v-like topoisomerase I and a helicase-like (Confalonieri et al., 1993; Jaxel et al., 1996) . Interestingly, a 40 kDa proteolytic product of reverse gyrase appears to behave as a classical topoisomerase I, relaxing only negative supercoiled DNA in an ATP-independent manner (Nadal et al., 1994) . In addition to these topoisomerases, small DNA-binding proteins of the 7 kDa family are likely candidates participating in the regulation of DNA topology in Sulfolobus. These basic and abundant proteins have been identi®ed in S. solfataricus (Sso7), S. acidocaldarius (Sac7) and S. shibatae (Ssh7) (Choli et al., 1988a,b; Mai et al., 1998) . The structure of Sso7d± and Sac7d±DNA complexes has been solved. The proteins intercalate in the minor groove, inducing DNA unwinding (Agback et al., 1998; Robinson et al., 1998) . In agreement, proteins of this family constrain negative supercoils and induce negative supercoiling in ligasemediated assays (Lo Â pez-Garcõ Âa et al., 1998; Mai et al., 1998) .
As, in spite of recent progress, classical genetic tools for hyperthermophilic archaea are not currently available (Aagaard et al., 1996; Cannio et al., 1998) , our strategy to test whether Topo VI, reverse gyrase and Sso7-like proteins were involved in topological regulation during thermal stress was to analyse plasmid topological variations in parallel with these proteins' levels and topoisomerase activities. We chose S. islandicus as a model strain, which contains two related plasmids, pRN1(5030 bp) and pRN2 (6959 bp), that have been completely sequenced (Keeling et al., 1998) . We found that, while plasmid topology changed transiently, neither TopoVI, reverse gyrase, Sis7 (Sso7 homologue) levels nor topoisomerase activities varied signi®cantly with heat or cold shock. However, reverse gyrase (positive supercoiling) activity in crude extracts was strongly dependent on the assay temperature, suggesting that plasmid topology is, at least partly, controlled by the dependence on temperature of topoisomerase activities themselves. In addition, we report an enhanced thermoresistance of reverse gyrase activity in crude extracts obtained after prolonged heat (but not cold) shock of S. islandicus, which is sensitive to the inhibition of protein synthesis.
Results

Levels of reverse gyrase, topoisomerase VI B-subunit and Sis7 during heat and cold shocks
We have shown previously that S. islandicus pRN1 and pRN2 undergo topological changes during a heat shock from 808C to 858C or a cold shock from 808C to 658C (Lo Â pez-Garcõ Âa and . In order to correlate these changes with levels of reverse gyrase, Topo VI and Sis7, we transferred two independent exponentially growing cultures of S. islandicus from 808C to 858C or from 808C to 658C and took samples for a period of 23 h. Samples collected at each time were divided into three aliquots to study plasmid topology, protein levels and topoisomerase activities (see Experimental procedures ). Plasmids were extracted and topoisomers resolved by two-dimensional gel electrophoresis. We determined the corresponding DLk and speci®c linking differences (s). As can be seen in Fig. 1A , the topology of pRN1 and pRN2 varied as expected. During a heat shock, a sharp s increase was observed (up to 0.029/ 0.025 6 0.003 for pRN2 and pRN1 respectively), followed by a recovery to lower s-values. Conversely, during a cold shock, s decreased signi®cantly (below À0.025) and then recovered until levels were typical for steady-state growth at 658C (Lo Â pez-Garcõ Âa and . Although we could not measure the lowest s reached in this particular cold shock experiment, because of co-migration of highly negatively supercoiled topoisomers in two-dimensional gels without an intercalating agent during the ®rst dimension, we were able to measure pRN2 and pRN1 s-values as low as À0.029/À0.033, respectively, in independent cold shock experiments (see below and Fig. 4A ).
For reverse gyrase analysis, total proteins from S. islandicus recovered at different times after heat or cold shocks Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 766±777 were fractionated by 7.5% SDS±PAGE, and the respective Western blots were hybridized using antibodies raised against the S. acidocaldarius reverse gyrase (Nadal et al., 1988) . Four major bands of <120, 65, 40 and 15±20 kDa were detected (Fig. 1B) . The 120 kDa band probably corresponds to the intact reverse gyrase, as its size is in agreement with that of other reverse gyrases (Duguet, 1995) . The smaller bands could be in vivo proteolytic products, as the sum of their sizes coincides roughly with that of the largest band. In particular, the 40 kDa band could correspond to the 40 kDa polypeptide with topoisomerase I activity detected in S. shibatae (Nadal et al., 1994) . The weaker intensity of the intact reverse gyrase may indicate that this protein is actually less abundant than its proteolytic products in vivo. Nevertheless, the possibilities of a less ef®cient transfer onto nitrocellulose ®lters as a result of its large size, or a speci®c cleavage during the preparation of protein samples, cannot be excluded. As can be observed, neither the levels of reverse gyrase nor its putative proteolytic products changed signi®cantly during heat or cold shock. This was con®rmed by normalization of the relative band intensities compared with total protein intensities in identically loaded gels that were prepared and run simultaneously (not shown).
Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 766±777 Fig. 1 . Variation in plasmid topology and proteins putatively involved in topological regulation during heat shock and cold shock in Sulfolobus islandicus. A. Speci®c linking differences of the S. islandicus native plasmids pRN1 and pRN2 puri®ed at different times of heat or cold shock from their respective cultures. Discontinuous lines in the cold shock graph show the trend of s-values where we were unable to determine the most abundant negatively supercoiled topoisomers for this experiment (see text). Asterisks indicate points at which topoisomerase activities were subsequently analysed (see text). B. Levels of reverse gyrase, Topo VI (Bsubunit) and Sis7 (Sso7 homologue) in samples collected from the same cultures and at the same shock times as in (A). For reverse gyrase and B-subunit of Topo VI, Western blots of 7.5% and 10% acrylamide SDS± PAGE gels were revealed immunologically. Band sizes are given in kDa. In the case of Sis7, the 7 kDa band is indicated in 16.5% tricine±sodium acrylamide gels containing total proteins. Samples correspond, from left to right in each gel, to 0, 5, 10, 20 and 40 min, 1, 2, 4, 7 and 23 h of exposure to the shock temperature.
Topo VI is a heterotetramer composed of two different subunits (Bergerat et al., 1994 (Bergerat et al., , 1997 . Antibodies against the B-subunit (60 kDa) of the S. shibatae enzyme have been obtained in our laboratory (C. Buhler, personal communication). Thus, S. islandicus total proteins from samples taken from heat and cold shock experiments were resolved by 10% SDS±PAGE and Western-blots hybridized to these antibodies. Two bands of <60 kDa and 10 kDa were detected (Fig. 1B) . The former corresponds to the Topo VI B-subunit, whereas the latter might be a speci®c cross-reaction or a proteolytic product. The intensity of both bands remained constant during cold shock. However, during heat shock, the intensity of the small band decreased, especially in samples taken after 7 h and 23 h of exposure at 858C (Fig. 1B) . Conversely, the intensity of the 60 kDa band appeared to increase slightly. This could suggest that proteolysis of the B-subunit is prevented after prolonged heat shock, although other possibilities exist (see Discussion ).
We used antibodies raised against the DNA-binding protein Sso7d from S. solfataricus to identify a putative homologue in S. islandicus. We detected a very abundant protein of 7 kDa by Western immunoanalysis, which was subsequently termed Sis7 (not shown). Sis7 can be clearly identi®ed in 16.5% tricine±sodium acrylamide SDS±PAGE gels, without the need for a subsequent Western immunoanalysis step. As shown in Fig. 1B , the intensity of the 7 kDa polypeptide does not vary with either heat or cold shock (Fig. 1B) . These results were con®rmed by Western blotting analysis (not shown).
In summary, we did not observe signi®cant differences in the relative amounts of reverse gyrase, Topo VI and Sis7 during heat or cold shock. Similar results were obtained with S. neozealandicus NZ59/2, which carries the plasmid pSTH4 (4.7 kb), after a heat shock from 808C to 928C (this strain being more thermophilic) or after a cold shock from 808C to 658C (not shown).
Inhibition of protein synthesis does not alter plasmid topological changes upon heat shock
Another type of evidence suggesting that the levels of topoisomerases and other proteins possibly involved in DNA topological dynamics do not vary during thermal shocks came from the prevention of protein synthesis and subsequent analysis of plasmid topology. We studied pRN1 and pRN2 topology in S. islandicus treated with the protein synthesis inhibitor puromycin (Aagaard et al., 1994) . A S. islandicus culture growing exponentially was divided into two subcultures, and puromycin was added to one of them just before transfer from 808C to 878C. After 2 h, growth of the puromycin-treated culture stopped, implying that protein synthesis had been inhibited during that time ( Fig. 2A ). This treatment also illustrates puromycin-induced inhibition of acquired thermotolerance (see below). However, the curves representing plasmid-speci®c linking differences during heat shock were practically identical in cultures with or without puromycin (Fig. 2B) . A similar result was obtained when S. neozealandicus was heat shocked from 808C to 928C in the presence and absence of puromycin (not shown). This implies that an induction of topoisomerase or Sis7 synthesis upon heat shock does not take place and/or is not essential for the recovery of normal topological levels. This also suggests that, if an increase in the amount of the Topo VI B-subunit indeed occurs 4± 23 h after heat shock (Fig. 1B) , it is not signi®cant for the regulation of DNA topology.
Detection of topoisomerase activities in crude extracts and their dependence on temperature
As a quantitative change in topoisomerases does not seem to be the explanation for the DNA topological dynamics A. Inhibition of S. islandicus growth in a culture containing 50 mg ml À1 puromycin. The protein synthesis inhibitor was added to the indicated culture at time 0 before the transfer from 808C to 878C. Arrowheads indicate the shock times at which samples were collected for pRN1 and pRN2 puri®cation. B. Linking number differences of the S. islandicus plasmids puri®ed at different times of heat shock from the control and puromycincontaining cultures.
during stress, one possible hypothesis was that this regulation took place at the level of topoisomerase activity. This could vary simply because of the direct effect of the ®nal temperature on the enzymatic activity and/or because the enzymatic activities were activated or repressed during the course of the thermal shock. In order to check both possibilities, the ®rst step was to detect speci®c topoisomerase activity in crude extracts. We thus assayed crude extracts of S. islandicus and two strains of S. neozealandicus that were growing optimally at pH 3.1±3.3 and 808C for topoisomerase activity on negatively supercoiled pTZ18 from E. coli as a DNA substrate under a variety of conditions. As can be seen in Fig. 3 , using an assay temperature of 808C, we could identify a relaxation activity and a positive supercoiling activity in the presence and absence of ATP respectively. The relaxation activity could correspond to the ATP-independent topoisomerase I activity described for the homologous protein domain of reverse gyrase, as it is Mg 2 dependent and requires 150 mM NaCl (Nadal et al., 1994) in our standard conditions (Experimental procedures ). The ATP-dependent positive supercoiling activity probably corresponds to reverse gyrase activity (Bouthier de la Tour et al., 1990). However, it was much more active in S. islandicus at 150 mM NaCl than at 30 mM NaCl, whereas the puri®ed reverse gyrase of S. shibatae has greater activity at 10 mM NaCl (Nadal et al., 1994) . S. islandicus activities were very sensitive to the temperature of the assay. Positive supercoiling was greatly reduced at 658C, but increased at 858C (Fig. 3) . At 858C in the absence of ATP, the introduction of positive supercoils can also be observed, although to a lesser extent than in the presence of ATP. A positive supercoiling activity in the absence of ATP might be explained by the combination of topoisomerase I (cutting±religating) activity plus the physical effect of temperature increase (decrease in twist and increase in positive supercoiling). In summary, an ATP-dependent positive supercoiling activity probably resulting from reverse gyrase exists in optimally growing Sulfolobus, which is strongly dependent on temperature. It is practically inhibited at 658C, but its activity increases with increasing temperature. Interestingly, at 858C, both ATP-dependent and -independent, positive supercoiling activities co-exist.
Reverse gyrase activities depend on assay temperature but not on the time of exposure to heat or cold shock
Once detected, we wondered whether the level of the presumptive reverse gyrase activity changed during thermal stress. We therefore analysed the reverse gyrase activity in crude extracts obtained at different times of heat shock and cold shock. We sampled two independent heat and cold shock experiments at times that corresponded to signi®cant changes in plasmid topological dynamics. Samples were as follows: time 0 (control); 20 min (sharp increase or decrease in speci®c linking differences); 2 h (initiation of recovery of steady-state topologies); and 6±7 h (stabilization of a steady-state topology for growth at the ®nal temperature) after shock (labelled with asterisks in Figs 1A and 4A). The respective crude extracts were assayed at 658C, 808C and 858C, using negatively supercoiled substrate DNA in the presence of ATP. As can be seen in Fig. 4B , in all cases, a reverse gyrase activity was detected at a temperature that corresponded to the optimal growth temperature of the organism. This activity increased considerably at 858C and was practically abolished at 658C. This dependence on temperature was linear and identical for samples obtained from cultures subject to different shocks and times of exposure (Fig. 5) . Identical results were obtained when crude extracts from the experiment shown in Fig. 1 were assayed (not shown).
In conclusion, reverse gyrase activities exhibit a similar dependence on temperature during a heat or a cold shock, but do not change signi®cantly with time. Therefore, the regulation of DNA topology during thermal stress cannot be explained by variations in the intrinsic activity of reverse gyrase. Rather, the strong dependence on temperature of reverse gyrase activity must be an essential component of this regulation.
Prolonged heat shock (but not cold shock) of S. islandicus induces thermotolerance of reverse gyrase activities
The acquisition of thermotolerance after prolonged sublethal heat shock has been described for many organisms.
Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 766±777 Fig. 3 . Reverse gyrase activity in crude extracts of S. islandicus grown under optimal conditions (808C). Crude extracts of cells in exponential phase were assayed for topoisomerase activity using negatively supercoiled pTZ18 (2880 bp) as DNA template in the presence and absence of ATP at different temperatures (see Experimental procedures ). Topoisomers were resolved by twodimensional electrophoresis. Topoisomers occupying the right part of the arches are positively supercoiled.
In S. shibatae, a heat shock from 708C to 888C of at least 1 h enhances the survival of this organism when exposed to the lethal temperature of 928C (Trent et al., 1990) . As this phenomenon must imply an enhanced resistance of the underlying molecular functions and in order to see whether this could apply to DNA topoisomerases as well, we analysed the thermoresistance of the reverse gyrase activities before and after prolonged shocks. For this, we heated crude extracts from S. islandicus cells at 928C at times 0 and 6±7 h after the initiation of a heat shock from 808C to 878C. We then assayed the topoisomerase activity of crude extracts preheated at 928C for various times using our standard conditions at 808C. Reverse gyrase activity in samples obtained from cultures that had undergone heat shock for 6±7 h resisted the exposure to 928C signi®cantly longer. Thus, as can be seen in Fig. 6 (compare lanes 1 and 2), after 40 min of heating at 928C, reverse gyrase activity is more active in samples having undergone a prolonged heat shock than in control crude extracts. The speci®c activity of reverse gyrase is dif®cult to estimate in crude or partially puri®ed extracts, because the positive supercoiling reaction is less sensitive than relaxation (Bouthier de la Tour et al., 1990) , and because an accurate measurement of the actual concentration of Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 766±777 Fig. 4 . Reverse gyrase activities in S. islandicus during heat and cold shock. Two independent cultures growing exponentially were subject to heat shock (80±878C) and cold shock (80±658C), and the topology of native plasmids, pRN1 and pRN2, was analysed to check that it varied as expected (top, see also Fig. 1A ). Reverse gyrase activities in crude extracts obtained at the shock times labelled with an asterisk were assayed on negatively supercoiled pTZ18 at 658C, 808C and 858C in the presence of ATP. Topoisomers were resolved by two-dimensional electrophoresis as before (see also Fig. 3) ; the arrows indicate which panels below correspond to the heat and cold shock experiments respectively.
Fig. 5. Linear increase in pTZ18
DLk as a function of temperature assay for reverse gyrase activities in S. islandicus crude extracts from different times of heat and cold shock. DLk values were calculated from the experiment shown in Fig. 4 , in which À10 was given to highly negatively supercoiled pTZ18. Symbols corresponding to the distinct shock times are indicated on the right.
reverse gyrase in cells cannot be easily obtained. However, compared with control samples not exposed to 928C, crude extracts from heat-shocked cultures retained 100% activity, whereas non-heat-shocked extracts lost <25% activity (Fig. 6 , lanes 1 and 2; not shown). These results were found to be reproducible in three independent experiments. In contrast, an enhanced thermoresistance was not observed in samples obtained from prolonged cold shock (not shown).
In conclusion, even though the level and intrinsic activity of topoisomerases isolated from cells subject to thermal shocks is not signi®cantly changed, S. islandicus reverse gyrase activities in crude extracts indicate thermotolerance. This is shown by its resistance to exposure to higher temperatures after the preparation of crude extracts from cells subject to a prolonged sublethal heat shock at 878C.
Protein synthesis is required for reverse gyrase thermotolerance upon heat shock
That an enhanced thermoresistance is observed in samples from heat but not from cold shock strongly suggests that this phenomenon involves the synthesis of heat shock proteins. In order to test this possibility, we heated, at 928C, crude extracts from S. islandicus that had been heat shocked from 808C to 878C for 0 h and 7 h in the presence of puromycin (samples came from the experiment shown in Fig. 2 ). Reverse gyrase activity in crude extracts was tested after various times of heating at 928C under our standard conditions. As shown in Fig. 6 , after 40 min of exposure to 928C, reverse gyrase activity was similar in control samples and in a culture heat shocked for 7 h in the presence of puromycin (lanes 1, 3 and 4), whereas reverse gyrase activity from a culture heat shocked for 7 h without inhibitor was signi®cantly higher (lane 2). This suggests that the synthesis of heat shock proteins during heat shock is actually responsible, directly or indirectly, for the stabilization and increased thermoresistance of reverse gyrase activity upon prolonged heat shock.
Discussion
A transient change in DNA topology associated with thermal stress seems to be a common theme in all organisms. This is exempli®ed by Lk increases during heat shock and decreases during cold shock in mesophilic bacteria as well as in hyperthermophilic archaea. In the present work, we have tried to unravel the regulatory mechanism underlying stress-induced plasmid topological changes in S. islandicus.
Our ®rst hypothesis was that the relative amount of reverse gyrase, Topo VI and Sis7 varied during thermal stress as a consequence of induction and/or repression or degradation. However, the relative levels of these proteins did not vary signi®cantly during heat or cold shock (Fig. 1) . Only the Topo VI B-subunit seemed to increase slightly after 7 h of heat shock (Fig. 1B) , but the fact that the inhibition of protein synthesis did not alter the pattern of topological variation during heat or cold shock indicates that an induction of this protein is, at least, not required in this process. This slight increase in Topo VI B-subunit could result from actual heat shock induction. Indeed, this subunit exhibits some homology with the heat shock protein hsp90 (Bergerat et al., 1997) . Alternatively, it could be caused by prevention of degradation as, remarkably, a putative proteolytic 10 kDa fragment decreases as the intensity of the 60 kDa product increases (Fig. 1B) . This would suggest a stabilization effect in proteins from samples exposed to prolonged heat shocks, which would be in agreement with the thermotolerance observed at enzymatic levels.
The fact that topoisomerase and Sis7 levels were neither needed nor clearly observed, and that intrinsic reverse gyrase activities were identical along heat or cold shock (Fig. 4) suggest that DNA topological dynamics during stress results from the sole effect of temperature on cellular components available at any time. Indeed, reverse gyrase activity in S. islandicus crude extracts is strongly dependent on temperature, being inactive at 658C, very active at the optimal growth temperature of 808C and signi®cantly more active at 858C. This explains the initial sharp increase in Lk during heat shock from 808C to 85±878C. However, the transient existence of topological variation with the same relative amounts and potential enzymatic activities suggests that not only a temperature-modulated topoisomerase activity is involved, but also that DNA template topology, and therefore protein binding, are affected. A hypothetical model to account for these changes can be proposed as follows (Fig. 7) .
During heat shock, the temperature upshift enhances reverse gyrase activity (Fig. 4) , leading to an abrupt Lk increase (Fig. 7) . Interestingly, positive supercoiling seems Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 766±777 Fig. 6 . Thermotolerance of reverse gyrase activity during heat shock in S. islandicus cultures in the presence and absence of the protein synthesis inhibitor puromycin. Crude extracts obtained from control (lanes 1 and 3) and 7 h heat shocked (lanes 2 and 4) cultures with or without puromycin (pur) in the experiments shown in Fig. 2 were incubated for 40 min at 928C. After heating, reverse gyrase activity was assayed at 808C under our standard conditions. Two-dimensional electrophoresis was performed as before.
to be achieved in vivo not only by the ATP-dependent reverse gyrase but also, although slightly less ef®ciently, by an ATP-independent activity working at 858C (see Fig.  3 ). Puri®ed reverse gyrase is strictly dependent on ATP (Duguet, 1995) . However, the proteolytic topoisomerase I domain (40 kDa) behaves as a normal topoisomerase I, relaxing negative supercoils in an ATP-independent manner (Nadal et al., 1994) . It is therefore tempting to speculate that the abundant S. islandicus 40 kDa product may act synergistically with the physical effect of higher temperatures (tending to increase the writhe), leading to a net increase in Lk. Interestingly, the co-existence of ATP-dependent and -independent positive supercoiling activities in Sulfolobus could assure a relative autonomy with regard to the cellular ATP pool, at least for the immediate adaptive response.
Conversely, during a cold shock, relatively important levels of negative supercoiling (s around À0.03) are produced, which can be explained only partially by the inhibition of reverse gyrase. In the absence of a topoisomerase actively introducing negative supercoils in Sulfolobus, Sis7 could mediate this topological change (Fig. 7) . Indeed, in vitro ligase-mediated assays showed that, at intracellular concentrations, Sso7d induces negative supercoiling to about the same extent to that seen during a cold shock at 658C (Lo Â pez-Garcõ Âa et al., 1998) .
The recovery of steady-state levels of plasmid supercoiling in Sulfolobus after 1±2 h of heat or cold shock takes longer (around 6 h after the shift). Notably, in E. coli, the recovery of normal supercoiling after cold shock, which does not require protein synthesis , is also long (around 1 h; note the difference in generation time, Sulfolobus being 4±6 h at optimal growth). In contrast, recovery of normal supercoiling after stress, which is sensitive to chloramphenicol treatment, takes place within 10 min (Mizushima et al., 1993; . Considering that protein synthesis is not necessary for topological recovery in Sulfolobus, this suggests that a long-term balance is obtained by the interplay of different factors, including DNA geometry, DNA±protein binding and competition of topoisomerase activities. In the case of heat shock, Sis7 might help to decrease Lk by inducing unwinding in the presence of Topo VI or other cutting±resealing activities (Fig. 7) . Heat shock proteins may be important to stabilize topoisomerases exposed to high temperatures for a long time. In this sense, it would be most interesting to investigate whether there is a speci®c protective effect of the chaperonin TF55, the major heat shock protein in Sulfolobus (Trent et al., 1990; 1991; Knapp et al., 1995) . This protein is already very abundant during normal growth and forms ®laments in vivo, which could constitute a regulatory device by sequestering the chaperone during normal growth and releasing it when needed (Trent et al., 1997) . On the other hand, the recovery of a nearly relaxed plasmid topology after cold shock could be explained theoretically by the action of the topoisomerase I domain of reverse gyrase produced by proteolysis, Topo VI or both (Fig. 7) . However, Topo VI decatenates more ef®ciently than it relaxes (Bergerat et al., 1994) .
Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 766±777 Fig. 7 . Possible model of regulation to account for the topological changes observed in plasmids from S. islandicus during heat and cold shock. SC, supercoiling; RG, reverse gyrase; Topo I, topoisomerase I, Topo VI, topoisomerase VI; Sis7, Sso7 homologue.
In addition to the above mechanistic regulatory aspects, transitory changes in DNA topology during heat and cold shock may have far-reaching consequences in the general response to stress, for DNA supercoiling in¯uences transcription. Transcription is equally effective on positively, relaxed or negatively supercoiled templates at physiological temperatures but, at low temperatures, negatively supercoiled templates are more highly transcribed, at least in an in vitro Sulfolobus system (Bell et al., 1998) . Although the assays described by Bell et al. (1998) were carried out at 488C, below the lowest temperature limit for Sulfolobus growth, these results may indeed suggest that a reduction in Lk during cold shock could maintain gene expression under stress conditions. In contrast, during heat shock, an increase in positive supercoiling could be responsible for the transcriptional inhibition of most genes. It would be interesting to investigate whether increased positive supercoiling in¯uences the expression of the few heat shock proteins that are synthesized, in particular that of TF55.
The detection of an enhanced resistance of reverse gyrase activities in Sulfolobus after prolonged heat shock indicates an acquired thermotolerance at a particular enzymatic level. As in previous reports of acquired thermotolerance for growth, protein synthesis inhibition abolishes the enhanced resistance to higher temperatures, con®rming that this phenomenon results from the expression of heat shock proteins (Trent et al., 1994) .
In summary, we have shown that the levels of putative DNA topology regulators in Sulfolobus remain basically constant during heat or cold shock, and that protein synthesis is not required to account for the transient topological variation. However, whereas reverse gyrase potential activity also remains invariable, its actual activity changes depending on the environmental temperature. Modulation of topoisomerase activity by temperature only partially explains the changes observed, and other factors (temperature effect on template topology, DNA-binding proteins) must certainly be involved. It would be interesting to study the situation in hyperthermophilic Euryarchaeota, in which similar topological changes appear to occur. Euryarchaeota do not possess DNA-unwinding Sso7 homologues, but they are endowed with histones that form nucleosomes (Grayling et al., 1994; Pereira and Reeve, 1998) , which makes the DNA topological context distinct. Finally, the possibility that the whole regulatory system of plasmid topology during heat and cold shock in Sulfolobus could be analogous to that of mesophilic bacteria should be explored in future. In this context, it would be interesting to test whether TopoVI, reverse gyrase and/ or its topoisomerase I domain and Sis7 are functional equivalents of gyrase, topoisomerase I and HU. Hopefully, the development of genetic tools for these organisms will provide more direct means to test these ideas.
Experimental procedures
Growth of Sulfolobus strains
Sulfolobus islandicus REN1H1, carrying the plasmids pRN1 (5.5 kb) and pRN2 (6.9 kb), and Sulfolobus neozealandicus NZ59/2, carrying pSTH4 (4.7 kb) (Zillig et al., 1998) , were cultivated as described previously (Lo Â pez-Garcõ Âa and . The growth medium (slightly modi®ed from Zillig et al., 1994) consisted, per litre, of 3 g of (NH4) O and 0.7 g of glycine for buffering. Yeast extract (0.1%) and 0.2% sucrose were added as carbon and energy sources, and the pH was adjusted to 3± 3.5 with sulphuric acid. Normal aerobic growth was carried out in Erlenmeyer¯asks shaken at 200 r.p.m. and at the optimal temperature of 808C. Cultures for independent experiments were started directly from glycerol stocks. These were prepared by resuspending mid-exponential growing cells in salt basal solution at pH 5 containing 20% glycerol, and then stored at À808C.
Thermal shocks were performed on cultures being from mid-to late exponential phase (optical density at 600 nm from 0.4 to 0.9). Cultures growing at 808C were then rapidly transferred to shaking waterbaths prewarmed at the new temperature. Shock temperatures were chosen near the temperature limits for growth while still allowing adequate Sulfolobus growth. Cold shocks were performed at 658C and heat shocks at 85±878C (S. islandicus ) or 928C (S. neozealandicus being more thermophilic). Aliquots (1, 15 and 30 ml) from the same culture were collected at different shock times. Samples were cooled immediately by rapid pouring and shaking into containers kept on ice in order to arrest enzymatic activities and prevent Lk changes during cell recovery. After centrifugation, cell pellets were washed in basal salt solution, and pellets from 1 ml and 30 ml aliquots were frozen in liquid N 2 and stored at À808C until use. Pellets from 15 ml aliquots were processed immediately to prevent the introduction of breaks in plasmid DNA (see below).
For some experiments, puromycin, which strongly inhibits protein synthesis in S. acidocaldarius (Aagaard et al., 1994) , was added to growing cultures at a ®nal concentration of 50 mg ml
À1
. Under these conditions, growth was inhibited for at least 24 h.
Plasmid extraction from Sulfolobus spp. cultures
Plasmids were puri®ed as described previously (Lo Â pezGarcõ Âa and . Culture samples (15 ml) were centrifuged at low speed at 48C, and cell pellets were washed in 1±2 ml of a salt basal medium. Pellets were then resuspended in 0.5 ml of guanidine thiocyanate solution (50 g of guanidine thiocyanate, 0.528 g of N-lauroyl sarcosine, 3.52 ml of 0.75 M sodium citrate, pH 7, per 100 ml) and kept on ice for 5±10 min to achieve complete lysis. After the addition of 50 ml of 2 M sodium acetate, pH 4, 0.5 ml of phenol saturated in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8) and 0.1 ml of chloroform±isoamyl alcohol (24:1), the mixture was vortexed brie¯y and centrifuged at 12 000 g for 20 min at 48C. The supernatant was extracted once with phenol±chloroform and once with chloroform±isoamyl alcohol. DNA was precipitated with 1/10th volume of 3 M sodium acetate, pH 5.3, and 2.5 volumes of cold ethanol at À208C. Dried pellets were resuspended in 50 ml of TE, supplemented with DNase-free RNase (0.04 mg ml À1 ®nal concentration) and incubated at 378C for 1 h. For further puri®cation, we diluted samples with TE up to 200 ml, added proteinase K and SDS (0.1 mg ml À1 and 1% ®nal concentration respectively) and incubated at 508C for 1 h. Then, we added NaCl up to 1 M and extracted once with chloroform. After centrifugation at 48C, supernatants were precipitated with 3 volumes of ethanol. Dried pellets were ®nally resuspended in 10 ml of TE and electrophoresed on agarose gels.
Resolution of plasmid topoisomers by agarose gel two-dimensional electrophoresis
Agarose gels (1%) were prepared in TBE buffer (90 mM Trisborate, 2 mM EDTA, pH 8). Electrophoresis was performed at 258C. Relaxed to positively supercoiled Sulfolobus plasmids were fractionated using no intercalating agent during the ®rst dimension and 10 ng ml À1 ethidium bromide during the second dimension. Running conditions were 25 mA for 16±17 h, and 15 mA for 22 h respectively. Negatively supercoiled plasmids, i.e. sulfolobal plasmids (cold shock samples) and the E. coli plasmid pTZ18 used as substrate in topoisomerase assays, were fractionated using either 5 and 10 ng ml À1 ethidium bromide or 0.5 and 3 mg ml À1 chloroquine during the ®rst and second dimension respectively. Gels containing chloroquine were washed extensively with water before staining with ethidium bromide (1 mg ml À1 ). Stained gels were photographed under UV light using the Sony UVP Image Store 5000 system, and images were stored using the program Adobe Photoshop 3.0.
Determination of speci®c linking difference (s)
The speci®c linking difference was determined using the equation s DLk/Lk 0 , as described previously (Lo Â pez-Garcõ Âa and . DLk was estimated by the band counting method (Keller, 1975) , with a relative precision of 6 0.5 for pTZ18, 6 1 for pSTH4 and 6 2 for pRN1 and pRN2. We applied a correction factor to account for the effect of temperature from 258C (electrophoresis) to the temperature at which cultures were growing or the in vitro assays performed. For this, we used the value À0.0118 8C À1 bp À1 as an estimation of the rotation angle of the DNA double helix with temperature (Depew and Wang, 1975; Charbonnier et al., 1992; Duguet, 1993) .
Preparation of total proteins and polyacrylamide gel electrophoresis (PAGE)
Frozen pellets from 1 ml aliquots collected at different times during heat and cold shock were allowed to thaw on ice and resuspended in 0.1 ml of Laemmli buffer [50 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 100 mM dithiothreitol (DTT), 0.1% bromophenol blue]. After direct lysis and protein denaturation by heating at 1008C for 5 min, followed by rapid cooling, total proteins were fractionated by PAGE. For separation of reverse gyrase and topoisomerase VI B-subunit, 7.5% and 10% glycine±acrylamide SDS±PAGE (Laemmli, 1970) minigels were run at 30 mA for 1 h respectively. For resolution of Sso7d homologues, 16.5% tricine±sodium acrylamide SDS± PAGE gels were run at 35 mA for 17 h (Scha È gger and von Jagow, 1987) . Gels were stained with Coomassie blue R-250 (0.1% in 10% acetic acid, 50% ethanol) and then destained with 10% ethanol, 5% acetic acid.
Western blot immunological analysis
For immunological detection of proteins, two gels were electrophoresed in parallel. One was Coomassie blue stained, and the other was transferred onto nitrocellulose (Protran BA 83; Schleicher & Schuell) as described by Svoboda et al. (1985) , applying an electric ®eld of 0.8 mA cm
À2 for 1 h. After equilibration in 1´PBS (10´PBS consists of 1.3 M NaCl, 0.1 M phosphate buffer, pH 7.5), membranes were blocked in PBS, 3% non-fat milk, 0.5% Tween 20 (Merck) for 15 min and then PBS, 1% bovine serum albumin (BSA), 0.1% Tween 20 for 1 h to overnight. Antibodies against S. acidocaldarius reverse gyrase (Nadal et al., 1988) , S. shibatae topoisomerase VI B-subunit and S. solfataricus Sso7d were prepared by dilution of immune sera to 1:800 or 1:1000 in PBS, 0.1% BSA, and used for incubation to Western blots for 1±2 h. After three 5 min washes in PBS, 1.5% milk, 0.1% Tween 20, blots were equilibrated in PBS, 0.1% BSA, and then incubated with 1:5000 to 1:10 000 dilutions of secondary antibodies linked to alkaline phosphatase (Promega) for 1 h. After three 5 min washes in 0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl, 50 mM MgCl 2 , 0.1% Tween 20, membranes were equilibrated in the same buffer without detergent and then revealed in the dark by adding 66 ml of a nitroblue tetrazolium solution and 33 ml of a 5-bromo-4-chloro-3-indolyl phosphate solution (both prepared at 50 mg ml À1 in 70% dimethylformamide and conserved at À208C) to 10 ml of equilibrating buffer. The reactions were stopped with water, and the membranes were air dried.
Sulfolobus spp. crude extracts and topoisomerase activity assays Preparation of crude cell extracts and topoisomerase assays were essentially carried out as described previously (Bouthier de la Tour et al., 1990) . Frozen pellets from 30 ml culture aliquots collected at different shock times were allow to thaw on ice and resuspended in 0.5 ml of 50 mM sodium phosphate buffer, pH 7.5, containing 1 mM DTT, 1 mM EDTA, 1.5 M NaCl, 1 M (NH 4 ) 2 SO 4 , 1 mM EGTA, 1 mM phenylmethylsulphonyl¯uoride (PMSF), 1 mg ml À1 leupeptin and 1 mg ml À1 pepstatin. Cells were lysed by ultrasonication. After centrifugation (12 000 g for 15 min), supernatants were stored at À808C until use. Different dilutions and assay conditions were tested in order to de®ne the best conditions for activity. Crude extracts were diluted in 50 mM sodium phosphate buffer, pH 7.5, 0.3 M NaCl, 1 mM DTT, 1 mM EDTA, 60% ethylene glycol, 0.1 mg ml À1 BSA and then stored at À808C. Total protein concentration in dilutions was estimated according to the method of Schaffner and Weissman (1973) , except that quanti®cation was additionally veri®ed by densitometric analysis of amido black-stained dot-blot photographs using the GELSCAN version Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 766±777 1.1 program (Y. Zivanovic, IGM, France). Negatively supercoiled pTZ18R (2880 bp), used as template in topoisomerase assays, was puri®ed from an overnight 250 ml culture of E. coli JM109 cells harbouring this plasmid using the Nucleobond AX-500 system (Macherey-Nagel). Our standard reaction mixtures contained 50 mM Tris-HCl, pH 8.0, 2.5 mM DTT, 30 mg ml À1 BSA, 10 mM MgCl 2 , 0.2 mg of (negatively supercoiled or relaxed) pTZ18 and 1 mM (or none) ATP. Mineral oil (20±30 ml) was added on top to avoid evaporation. After equilibration for 10 min at the assay temperature (658C, 808C or 878C), 1 ml of 1:10 dilutions of crude extracts (corresponding to 0.3±0.5 mg ml À1 total protein concentration) was added. After incubation for 1 h, reactions were stopped by immediate cooling and the addition of 2 ml of 10´DNA loading buffer (Sambrook et al., 1989) . Samples were then subject to two-dimensional agarose gel electrophoresis for topoisomer resolution.
